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,000 x g pellet from sonically treated protoplasts of both forms. It was determined that enzyme activity (nanomoles of ['4C]UDP-GluNAc incorporated per milligram of protein) was approximately 2 times greater in hyphae versus yeast cells. Enzyme activity in both yeast and hyphae increased six-to sevenfold when the enzyme preparations were preincubated with trypsin. A vacuolar fraction, obtained from yeast cells but not from hyphae, stimulated enzyme activity when incubated with either yeast or hyphal enzyme preparations. Membrane fractions from protoplasts coated with [3H]concanavalin A before disruption were isolated by Renografin density gradient centrifugation. Chitin synthetase activity was preferentially associated with the concanavalin A-labeled fraction, suggesting that the enzyme was located on the plasma membrane. In addition, enzyme activity in protoplasts treated with cold glutaraldehyde before disruption was significantly greater than in protoplasts that were sonically disrupted and then treated with cold glutaraldehyde, indicating that the enzyme resides on the inner side of the plasma membrane.
Differentiation from yeast to hyphal growth by dimorphic fungi is accompanied by significant changes in the chemical composition of the newly formned cell wall. For instance, with Histoplasma capsulatum Darling and Blastomyces dermatitidis Gilchrist and Stokes, mycelialphase cell walls have less chitin, higher proportions of mannose, and a lower content of ethylenediamine-soluble material than yeast-phase cells (8) . In Candida albicans (Robin) Berkhout, Chattaway et al. (7) have shown that an alkali-insoluble fraction from mycelial-phase cells contained 3 (3) (4) (5) (6) and by Duran et al. (9) . In that system, chitin synthetase zymogen is attached to the yeast plasma membrane and is activated by a protease contained in a vacuolar fraction from S. cerevisiae. This compartmentalization of enzyme and activating factor (protease) may account for the localized activation of the zymogen at the site of primary septum formation in budding cells. A third component of the system, a heat-stable protein found in the cytosol, acts as an inhibitor of the activating factor and may function as a regulatory factor by inactivating the vacuolar protease that spills into the cytoplasm. The purpose of this study was to characterize chitin synthetase from both yeast and hyphal forms of C. albicans. We have found similarities to the S. cerevisiae system described by Cabib (3-6) although chitin formation and enzyme activity are much greater in hyphae.
MATERIALS AND METHODS Cultivation of organism. The isolate of C. albicans used in this study has been described previously (13 Utilization of Renografin gradient. The Renografin gradient method used was that described by Duran et al. (9) . Protoplasts were obtained as described previously and suspended in PCM buffer at a final concentration of 1 g/ml (wet weight). To 0.5 ml of this suspension was added 3 ml of 1.0 M mannitol containing 0.05 M Tris-chloride (pH 7.5) and 10 mM MgSO4, followed by 3.5 ml of the same solution, supplemented with 0.5 mg/ml of concanavalin A (ConA). After 10 min at room temperature, the protoplasts were centrifuged for 1 min at 1,000 x g. The pellet was carefully suspended in 6.5 ml of the solution containing mannitol-Tris-chloride-MgSO4 and recentrifuged for 3 min at the same speed. The final pellet was suspended in 8.5 ml of 10 mM Tris-chloride (pH 7.5) containing 5 mM MgSO4, 1 mg of deoxyribonuclease per ml, and 0.6 mM phenylmethylsulfonylfluoride. The mixture was homogenized for 3 min at 0°C in a Sorvall Omni-mixer, and the homogenate was incubated for 15 min at 30°C. A 3-ml portion of this solution was layered on 9-ml linear gradients of Renografin (5.8 to 50%) containing 20 mM Tris-chloride (pH 7.5). The gradients were centrifuged for 1 h in an SW41 rotor at 93,000 x g. An Isco model 640 density gradient fractionator was used to collec-0.6-ml fractions from the top. Each fraction was diluted 10-fold with 5 mM Tris-chloride (pH 7.5) containing 2 mM MgSO4 and centrifuged for 30 min at 80,000 x g. The pellet was suspended in the same buffer and used for the enzyme assay. All fractions were preincubated with 0.6 ,ug of trypsin and assayed as described previously.
[3H]ConA (20 pl; specific activity 29.0 mCi/mmol) was added to 0.1 ml of protoplast suspension in mannitol-Tris-chloride-MgSO4 and incubated at room temperature for 10 min. These protoplasts were then washed, diluted with 2.9 ml of ConA-treated protoplasts, and extracted as described above.
RESULTS Whole cell studies. The uptake and incorporation of [3H]GluNAc was measured in both yeast and hyphae (mycelium) of C. albicans. Over a 30-min incubation period, incorporation by hyphae was over 10-fold that of yeast cells (Fig. 1) . In part, this difference is due to the greater uptake of label by hyphae (48% greater than yeast). Also, whereas 84% of the label taken up by hyphae becomes incorporated after 30 min, only 11% becomes incorporated in yeast cells. The data presented in Fig. 1 mined that approximately 52% of trichloroacetic acid-precipitable label was acid-alkali insoluble in both yeast and hyphae (data not presented).
The site of chitin deposition within the cell walls of the yeast and hyphae of C. albicans was demonstrated by prelabeling cells with [3H]GluNAc. Autoradiographs revealed that the radioactivity was preferentially located at the apex of the hyphae (Fig. 2) . By contrast, the radioactivity incorporated into yeast cells was predominately deposited at the site of budding in whole cells (Fig. 3) .
Chitin synthetase from yeast and hyphae. Chitin synthetase activity was measured in sonically treated protoplasts after centrifugation at 80,000 x g. Enzyme activity was exclusively located in the 80,000 x g pellet (Table 1) . In addition, the activity of the enzyme preparation from both yeast and hyphae was six to seven times greater when preincubated with trypsin (0.6 ,ug) for 15 min (Table 1) . Preliminary studies had shown that this concentration of trypsin was optimum for stimulation. It is noteworthy that the specific activity of chitin synthetase from hyphae was approximately twice that observed with yeast cells.
Centrifugation of homogenized protoplasts of both yeast and hyphae by means of a Renografin density gradient revealed four primary bands (Fig. 4 and 5) . With both yeast and hyphae, chitin synthetase activity was associated with those bands that possessed [3H]ConA activity.
The membrane fraction that contained enzyme activity in hyphae sedimented at a greater density than the corresponding yeast form. Recovery of the enzyme and specific activity are shown in Table 2 (Table 3) . However, ifprotoplasts were lysed and then treated with glutaraldehyde and assayed, enzyme activity was 10% of control (no glutaraldehyde).
Since trypsin increased the enzyme activity of the sonically treated preparations, fractions of Autoradiography of yeast and hyphae was performed to determine the location of chitin deposition. With whole yeast cells, label was preferentially located at the site of budding as described by Cabib for S. cerevisiae (4). Acidalkali-digested yeast cells did not seem to retain their cellular integrity and were, therefore, impossible to see under light microscopy. With acid-alkali-treated hyphae, [3H]GluNAc was observed in greatest amount at a point just below the tip of the hyphae.
As noted with the chitin synthetase system of S. cerevisiae described by Cabib (4-6), chitin synthetase in C. albicans in both yeast and hyphae is associated with particulate fractions of sonically treated protoplasts, and specific activity of the enzyme is increased significantly by preincubating the enzyme preparations with trypsin. At this time, it is difficult to say with certainty whether or not the enzyme of C. albicans exists as a zymogen since purification has not been accomplished. As with S. cerevisiae, a vacuolar fraction with protease activity, obtained from yeast protoplasts, stimulated yeast and hyphae chitin synthetase activity approximately 45 to 60% above control (no vacuolar extract). However, even though the hyphal chitin synthetase was stimulated by trypsin, a vacuolar preparation from hyphae failed to enhance the activity of either the yeast or hyphal chitin synthetase, although both preparations were obtained under the same conditions and exhibited protease activity as determined by a hide-powder azure assay. The failure to demonstrate an activating factor from hyphae is puzzling since trypsin as well as yeast-activating factor enhanced enzyme activity from hyphae. Since chi- Treatment of protoplasts with ConA before homogenization binds to and preserves the integrity of the plasma membrane (9) . By utilizing this fact, we were able to obtain elution profiles from both yeast and hyphae protoplast homogenates in which enzyme activity coincided with [3H]ConA activity. These data strongly indicate that the majority of chitin synthetase was associated with the plasma membrane. The difference in sedimentation rates of the plasma membrane from yeast and hyphae is similar to the data of Marriott (11) who described major differences in the chemical composition of the plasma membrane of each growth form. Our studies on the effect of glutaraldehyde on enzyme activity further suggest that chitin synthetase is located on the inner side of the plasma membrane. Enzyme activity was greatly reduced when protoplasts were treated with glutaraldehyde after sonic oscillation. However, when protoplasts were treated with glutaraldehyde before sonic oscillation, enzyme activity was only slightly below control (no glutaraldehyde). Our data are, thus, similar to those of Duran et al. (9) for S. cerevisiae.
Comparative studies of another dimorphic fungus, Mucor rouxii, have been carried out by Ruiz-Herrera and Bartnicki-Garcia (14) . The enzymes from both yeast and hyphal forms had similar requirements for optimum activity. However, the stability of the hyphal (mycelial)-phase enzyme at 280C was much lower than that of the yeast-phase enzyme. Enzyme activity of hyphal-phase cells was virtually lost within 2 h at 280C, whereas the activity of the enzyme from yeast cells increased dramatically with time. These data indicated that the hyphal form of chitin synthetase was present primarily in an active state and that the prolonged incubation at 28°C resulted in a rapid degradation of the enzyme by endogenous proteolysis. Also, an exogenous acid protease did not increase the activity of the hyphal enzyme to any great extent. The yeast-phase chitin synthetase appeared to be zymogenic, however, based upon the increase in activity upon prolonged incubation at 280C.
It would seem that the hyphal chitin synthetase in C. albicans is different from that of M. rouxii since our studies indicate that the activity of the enzyme is greatly stimulated by trypsin.
